This study aimed to examine the effect of the impact point on the golf ball on 5 the horizontal launch angle and side spin during putting with a mechanical 6 putting arm and human participants. Putts of 3.2 m were completed with a 7 mechanical putting arm (four putter-ball combinations, total of 160 trials) and 8 human participants (two putter-ball combinations, total of 337 trials). The 9 centre of the dimple pattern (centroid) was located and the following 10 variables were measured; distance and angle of the impact point from the 11 centroid and surface area of the impact zone. Multiple regression analysis 12 was conducted to identify whether impact variables had significant 13 associations with ball roll variables; horizontal launch angle and side spin. 14
Introduction 26
Based on Professional Golf Association (PGA) Tour statistics during 2014, 27 the putting stroke accounted for approximately 40% of all strokes during 28 tournament rounds (PGA Tour, 2015a; 2015b). This is in accordance with 29
Dorsel & Rotunda (2001) and Alexander and Kern (2005) , who identified that 30 putting average was a key contributor to determining earnings on the PGA 31 Tour. A number of factors are considered to influence the success rate of a 32 golf putt, namely, green reading, aim, stroke and ball roll (Karlsen, Smith & 33 Nilsson, 2008) . Regarding the putting stroke, Pelz (2000) considered two 34 variables that account for direction variability, face angle at impact (83%) and 35 the putter path (17%). Karlsen et al. (2008) accounted 80% of direction 36 consistency to face angle at impact (0.50° effective variability), 17% to putter 37 path (0.18° effective variability) and 3% to horizontal impact point on the 38 putter (0.09° effective variability). One variable that has not been considered 39 at length within the literature considering direction variability is the impact 40 point on the golf ball. 41 42 Golf balls are designed with dimples to reduce the drag of the golf ball when 43 in flight (Aoki, Nakayama, Hayasida, Yamaguti & Sugiura, 1998; Goff, 2013) . 44
These dimples, however, may also be a detriment to putting performance. 45
Due to the dimples a golf ball is not perfectly spherical with potential for the 46 golf ball to rebound off the putter during impact at an unexpected angle 47 (Cross & Nathan, 2007) . To explain this further, the putter could strike the 48 perimeter of the dimple 'flat' allowing the initial roll of the ball to leave in the 49 intended direction towards the target. Or the putter could strike an edge of a 50 3 dimple causing a deflection of direction off the intended target line (Figure 1) . 51
Research has acknowledged that dimples do affect the direction variability 52 during a golf putt, however; only limited data is presented through a simple 53 analysis of the distance that putts have rolled off line (Pelz, 2000) . The 54 authors of the current study propose that the direction variability away from 55 the intended target line accountable to the impact point on the golf is termed 56 dimple error. In addition to the horizontal launch angle another variable 57 relatively unexplored is the side spin imparted on the golf ball. Hurrion and 58
Mackay (2012) have identified that side spin imparted on the ball (> 20 rpm) 59 has potential to cause the ball travelling off the intended target line; this is 60 accountable to resultant angle differences between the putter path and face 61 angle. Therefore, could potentially be a contributing factor to missed putts 62 along with the horizontal launch angle. 63
64

FIGURE ONE ABOUT HERE 65 66
Dimple error will be more prominent when executing shorter golf putts, this is 67 due to greater compression of the golf ball during longer golf putts (Pelz, 68 2000) . Dimple error is likely to have an inverse relationship with the 69 compression of the golf ball, therefore may only be applicable during a 70 shorter golf putt. Cross (2006) demonstrated in a non-golf environment that 71 the golf ball can deflect off at a random angle, whereas a ball bearing 72 bounced symmetrically and vertically. It was suggested that the dimples 73 caused the random deflection (Cross, 2006) . This was tested dropping the 74 balls onto a marble surface from a height of 80 cm. There are limitations 75 associated with this experiment, as in a golf situation the ball is the stationary 76 object and the club the moving object. Therefore, Cross (2006) does not 77 accurately replicate the putter-ball impact as it occurs on the putting green. 78
With the initial direction of the golf ball predominantly being determined by 79 the putter face angle (Karlsen et al., 2008), the random deflection will be less 80 significant than observed by Cross (2006) . Therefore research is needed to 81 determine whether this mechanism is apparent to any extent in a golf 82 environment. 83 84 Different types of putter face have previously been compared (Hurrion & 85 Hurrion, 2002; Brouillette, 2010) , however, putting remains to date an under 86 researched area. Additionally, focus has predominantly been on the effect of 87 topspin imparted on the golf ball rather than the initial direction of the golf 88 ball, which is clearly an important factor of whether a putt is successful or 89 not. Contrasting results were however observed, whereby Hurrion and 90 Hurrion (2002) observed improved topspin in trials completed with a grooved 91 faced putter whereas Brouillette (2010) did not report improved topspin 92 between a grooved faced and traditional faced putter. This provides rationale 93 to test putters with different face inserts however, neither considered the 94 effect of the variability of the impact point on the golf ball. 95
96
The aim of this study was to investigate the effects of impact point on the golf 97 ball on the resulting horizontal launch angle (initial direction) and side spin of 98 the golf ball. This will be investigated using a mechanical putting arm and 99 human participants. It was hypothesised that significant associations During testing with the mechanical putting arm, each putter was held 162 securely within a clamping mechanism. A putting arm block was placed at an 163 appropriate distance behind the golf putter to produce the desired length of 164 putt, and the putting arm was released by deactivating an electromagnet. During testing with human participants, an initial period of habituation was 176 allowed with the first putter that had been randomly selected. This 177 habituation period was repeated for the second putter when swapped during 178 the protocol. During both habituation periods the participant was informed of 179 the initial ball velocity threshold (2.10 -2.28 m/s). This was to ensure a 180 similar pace of putt between participants and during habituation subjects The contact made between the putter and ball during the impact was termed 200 the impact zone. To determine the length (mm) and angle (direction of 201 impact from the centroid location (°)) the centre of the impact zone had to be 202 calculated. To complete this a polygon was drawn at the outermost edges of 203 the impact zone and intersected from the four corners, giving a centre point 204 The linearity of the data was first assessed by examining residual plots 228 (standardised residuals as a function of standardised predicted values) 229 (Pedhazur, 1997) . Then the data were analysed for normality by assessing 230 histogram and box-plot graphs, kurtosis and skewness values. If kurtosis or 231 skewness values were found to be > ± 1, the data set was identified as highly 232 skewed or kurtosed, between ± 0.5 and ± 1 the data set was identified as 233 moderately skewed or kurtosed, and between 0 and ± 0.5 the data was 234 considered to be approximately symmetrical (Bulmer, 1979) and therefore 235 displaying normality. Any data sets that were found to be highly skewed or 236 displaying high kurtosis was transformed logarithmically (log) in order to 237 increase uniformity to a normal distribution curve (Atkinson & Nevill, 1998 ; Bivariate analysis was undertaken for the independent and dependent 246 variables to ensure multicollinearity was avoided.
Correlations were 247 identified as very high if r ≥ 0.90 (Ntoumanis, 2001) . Additionaly, collinearity 248 diagnostics, variance inflation factor (VIF) and the tolerance statistic were used to assess multicollinearity. A VIF greater than 10, was identified as a 250 cause of concern (Bowerman & O'Connell, 1990; Myers, 1990 ) and a 251 tolerance below 0.2 indicated a problem (Menard, 1995) . Multiple regression 252 analysis was then completed. The independent variables length from the 253 centroid location (mm), angle from the centroid location (°) and surface area 254 (mm 2 ) were the predictors used to assess whether the impact point on the 255 golf ball effected side spin and horizontal launch angle. Level of significance 256 was set at α < 0.05. 257
258
Results 259
Horizontal Launch Angle with the mechanical putting arm 260
Mean and standard deviations for the independent variables length, angle 261 and surface area are presented in Table 1 . The multiple regression model 262 was found to be a significant predictor of horizontal launch angle for the 263 GEL ® -Titleist (p = 0.001), GEL ® -Srixon (p = 0.001) and Odyssey-Srixon (p = 264 0.03) groups, but not for the Odyssey-Titleist group (p = 0.18) ( Table 2 ). The 265 impact variables accounted for 34% of the variability of horizontal launch 266 angle for the GEL ® -Titleist group, 44% for the GEL ® -Srixon group and 21% 267 of the variability for the Odyssey-Srixon group. The range of results 268 observed for the horizontal launch angle were -1.00 to 0.71°. 269 270   TABLE ONE ABOUT HERE  271   272   TABLE TWO ABOUT HERE  273 274
Horizontal Launch Angle with human participants 275
The multiple regression model was not a significant predictor of horizontal 276 launch angle for either the GEL ® -Srixon (p = 0.52) or Odyssey-Srixon (p = 277 0.49) combinations (Table 3) . Although not significant, the variability 278 accountable to the impact (predictor) variables would have been negligible at 279 2% (0.03°) and 1% (0.02°) for the GEL ® -Srixon and Odyssey-Srixon groups 280 respectively. Figure 3 demonstrates the different variance in the impact 281 points on the golf ball between the mechanical putting arm and human 282 participants, where increased variance is observed in the latter. (p = 0.04). The impact variables accounted for 20% (2.8 rpm) of the variation 290 within this group (Table 4 ). There were no significant associations between 291 the impact variables and kinematic variables for the other three putter-ball 292 combinations. 293 294   TABLE THREE ABOUT HERE  295 296
Side spin with human participants 297
The multiple regression model was found to be a significant predictor of side 298 spin (Table 5) for the GEL ® putter (p = 0.04) but not for the Odyssey putter (p 299 = 0.93). The impact variables accounted for 6% of variation observed in side 300 spin (1.54 rpm) for the GEL ® putter 301 302 performance. This is also apparent with side spin where only 20% of 318 variance was accountable for one putter-ball combination. 319 320 Pelz (2000) states that the larger the golf ball dimples, the more likely contact 321 made on the edge of a dimple will affect the horizontal launch angle, as each 322 dimple is covering a larger surface area. However, the smaller the dimple, 323 the increased number of dimples there will be covering the ball, therefore 324 14 increasing the chance of making contact with the edge of a dimple. Although 325 a golf ball with larger dimples has less chance of contact being made to a 326 dimple edge, the horizontal deviation caused by impact may increase. This 327 was not observed in the current study. Dimple circumferences of 12.4 mm 328 (Titleist Pro V1) and 12.9 mm (Srixon Z-STAR) were measured, indicating 329 more variability was expected for the Srixon golf ball. More variance was 330 however observed for the Titleist ball (GEL ® -Titleist = 0.15°, Odyssey-Titleist 331 = 0.06°) in comparison to the Srixon (GEL ® -Srixon = 0.13°, Odyssey-Srixon 332 = 0.04°). Differences are marginal between each group, however, based on 333 these results, it seems the different putters used in testing had more 334 influence on the horizontal launch angle (and therefore success rate of a 335 putt), rather than the impact point on the golf ball when using a mechanical 336 putting arm with standardised stroke kinematics. This is based on the 337 differences in variance of the horizontal launch angle being observed 338 between putters rather than golf balls. For example, if the left hand side of a dimple was struck by the putter, for 369 dimple error to potentially affect the horizontal launch angle the putter face 370 would also have to be slightly open. However, natural variation will occur in 371 clubface angle at impact which may have contributed to the larger variation 372 observed in golfers in comparison to the mechanical putting arm (Figure 3) . 373
Additionally, with a large range of handicaps observed in the current study 374 (handicap: 13.6 ± 7.4), golfers with a higher handicap will demonstrate a 375 wider range of natural variation in the face angle and putter path. Therefore, 376 these factors will have an increased effect, rendering dimple error even less 377 important regarding putting performance. been stated that friction between the ball and the green removes all spin in 393 approximately the first 20% of the roll (Pelz, 2000) , therefore it may be 394 possible that friction between the stationary ball and green contributes 395 towards the side spin initially along with the small amounts of rotation during 396 impact. Potentially explaining a portion of the large variability observed in 397 human participants (Table 5) . 398
399
The practical implications of this study are that golfers should not be overly 400 concerned with dimple error, as the effects are very small and it would be 401 very difficult to control for. Dimple error has the potential to reduce the 402 success rates of putts by taking a putt over the initial horizontal launch angle 403 'threshold' of a holed putt. Despite being identified as statistically not 404 significant in the current study, dimple error may add to the direction error 405 along with larger contributions of the putter face angle and putter path. and should instead focus on other elements that contribute to a successful 420 golf putt, such as focusing on the putter face angle, which has previously 421 been found to significantly contribute to the direction of a golf putt. 
